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INTRODUCTION
The Arctic tadpole shrimp Lepidurus arcticus (Pallas, 1793) has a circumpolar distribution and occurs in both shallow moraine ponds and large lakes in subarctic areas (Hessen et al. 2004 ). In its central circumpolar area, L. arcticus is mainly found in ponds and fishless shallow lakes (Jeppesen et al. 2001 ; Lakka 2013). However, in Scandinavia it has been described as a boreo-alpine relict species that occurs at sea-level in the Arctic region, and at progressively greater altitudes towards the south (S. Økland & Økland 2003) . On the Norwegian mainland, it is a typically alpine species, mainly co-existing with fish (S. . In ponds and small shallow lakes in its southern outreach on the Scandinavian peninsula, which is often fishless, L. arcticus seems to be absent (S. (Braem, 1893) and Lepidurus ussuriensis (Sidorov, 1927) . No Norwegian name was known for L. arcticus at that time. The Norwegian name "skjoldkreps" ("scale shrimp") was introduced by Dahl (1913) . This is astonishing as L. arcticus is quite conspicuous due to its large size and archaic appearance, and it was well known by local fishermen. On the other hand, the other large crustacean, the amphipod Gammarus lacustris G.O. Sars, 1863, had a variety of Norwegian local names such as "marflo, matflo, grunnåte, nettskjaer, etc." ).
The brown trout on Hardangervidda are of good size and quality and support a number of traditional fisheries (I. Sømme 1941) . Their main crustacean food items are L. arcticus, G. lacustris and Eurycercus lamellatus A.F.M (Huitfeldt-Kaas 1911; Dahl 1917; I. Sømme 1941) . Information regarding their occurrence has long been fragmentary and incomplete, and not until the beginnings of the 1970s did a rough distribution pattern appear that included almost all the records from the central and eastern parts of the plateau (Anonymous 1974).
The geology of Hardangervidda is highly variable and this is reflected in the water chemistry of the lakes, many of whose waters are low in pH and calcium . Lepidurus arcticus is highly sensitive to acid water (Borgstrøm & Hendrey 1976 ; Lakka 2013) becoming extinct in waters with a pH below 5.5 (Fjellheim & Raddum 1990 ). The lowest ambient calcium concentration in lakes in which L. arcticus are reported is 1.52 mg L -1 ). However, only three lakes were investigated and hence, the lower lethal threshold for calcium demand has yet to be established for L. arcticus. Rapid postmoult calcification of the exoskeleton is essential for all crustaceans, and lack of calcium may limit their success in localities with such water quality (Rukke 2002) .
The water temperature is also vital to all aquatic crustaceans. The thermal conditions of lakes are not only a result of summer temperatures, but also related to snow accumulation during the winter. Snow deposition and spring temperature are the main drivers of ice break-up, and determine the water temperature regime (Kvambekk & Melvold 2010) . In catchments with heavy snowfall, the ice break-up may be delayed and thus lead to a thermal deficit that impedes the development of L. arcticus . Snow deposition on Hardangervidda is highly variable, with an almost fourfold increase in an east to west gradient .
In this study we hypothesised that the combination of low water temperature, short growing season and dilute water may impede ecdysis in L. arcticus. Furthermore, this particular crustacean is a large food item and is heavily fed upon by fish . Our key question is whether the distribution pattern of L. arcticus may be explained by these environmental variables. Furthermore, alpine ecosystems are expected to suffer severely from the effects of global warming (Lindholm et al. 2012 (Lindholm et al. , 2015 and climate change may be a threat to L. arcticus (Hessen et al. 2004 ; Lakka 2013; ; Väinölä et al. 2019) . Detailed mapping of L. arcticus is therefore an essential aspect of identifying future range retractions.
METHODS AND MATERIAL Study area
The Hardangervidda landscape is characterized by barren, treeless moorland interrupted by numerous pools, lakes, rivers and streams. The plateau covers an area of about 9800 km 2 , of which the most remote areas account for about 8000 km 2 (Anonymous 1974) . In this area we included 27 catchments that cover 6569 km 2 ( Figure 1 , Table 1 ). We have divided these catchments into two groups. Of the "11 western catchments", ten drain to the west, while of the "16 central and eastern catchments", nine drain to the east and seven to the west. The extent of these catchments was calculated using the NEVINA procedure (NVE Atlas, nve.no). Within this area, we have identified 930 named lakes covering 656 km 2 ). These localities also included 27 reservoirs for hydropower production ranging in surface area from 0.48 to 78.77 km 2 (Appendix 1). In addition, almost all lakes (Appendix 1). Calcium concentration and pH are vital variables in the survival of L. arcticus. There are significant intermediary and seasonal variations in calcium concentration within a lake. The highest values of calcium are usually measured in the spring when the concentration may be more than twice the minimum values registered later in the season (Fjellheim et al. 2002 ). This variability is most prominent in small lakes and brooks. In bigger lakes the variation follows the same pattern but within a much more limited range. On the other hand, the lowest pH values are measured in the run-off period in the spring. However, we assume that the low ambient pH-levels encountered throughout the growth period in summer is most critical for L. arcticus as the run-off period is normally short and their resting eggs are very resistant to external stresses (Longhurst 1955; Blomquist 1995; Lakka 2013 ). Most of the 36 natural lakes with bathymetric maps on Hardangervidda have mean depths <10 m (Appendix 1). Most of the lakes within the study area are situated at altitudes of 1100 -1399 m a.s.l. (85%), while 11% and 4% are located at lower and higher altitudes, respectively.
The western area is dominated by rocky terrain and expanses of bare rock with thin or no moraine-covered bedrock of Precambrian gneisses and granites and sparse or no vegetation. Some catchments in the central part comprise bedrock of Cambro-Silurian sedimentary origin. The bedrock in the eastern areas also covers gneisses and granites but has deeper layers of moraine. The water chemistry on Hardangervidda closely reflects the local bedrock geology . Hence, the lakes are highly variable in water chemistry, ranging from lakes being practically free of electrolytes to lakes with high ionic strength. The content of total organic carbon (TOC) is very low, with <2.0 mg C L -1 in Figure 1 . Map of the Hardangervidda with the 27 catchments indicated. The boundary of the study area is marked by a blue line. Details of the catchments are shown in Table 1 . The study area is divided into two groups with 11 western catchments (W) and 16 central and eastern catchments (C/E). These areas are divided by a dotted line. Norwegian Mapping Authority CC BY 4.0. water chemistry data (97%) are from the period July -October (Appendix 1). In many lakes, however, only single values of calcium are available. We have obtained water chemistry data (concurrent values of calcium concentration and pH) from the literature for 237 lakes on Hardangervidda (Appendix 1).
The climatic conditions on Hardangervidda are highly variable . We used the NEVINA procedure to compute winter and summer deposition and winter and summer temperatures as mean values for the normal period 1961 -1990 (NVE Atlas, nve.no). The winter deposition (October -April) differs substantially between the western and eastern parts of the plateau, being 1151 mm in Austdølo/Ljoso catchment and 292 mm in Uvdalselvi catchment, respectively (Table 1) . Mean summer deposition values (May -September) are less divergent, being 614 and 332 mm, respectively.
In most Hardangervidda lakes and rivers, brown trout is the only fish species present. Arctic char Salvelinus alpinus (Linnaeus, 1758) and European minnow Phoxinus phoxinus (Linnaeus, 1758) are coexisting with brown trout in some of the lakes (Appendix 1). Arctic char is found in 3.1% (N=29) of the 930 named lakes, mainly due to stockings in the 20 th century. In the Lågen catchment, they were stocked in Lake Breidvatnet, a headwater lake in the tributary AEanåi in 1910 , from where they spread downstream and to some neighbouring lakes in the following years. A dense population of Arctic char that emerged in Lake Breidvatnet affected the local crustacean community ). More recently, Arctic char have also established themselves in the Leiro catchment . The European minnow has been introduced to 4.5% (N=42) of the 930 lakes since the 1970s. It was first observed in Lake Ørteren reservoir in 1973 (Anonymous 1974), from where it spread to many of the lakes in the north-eastern part of the plateau.
Mapping of Lepidurus arcticus
Data on the presence or absence of L. arcticus were screened from technical reports of varying standards and from some scientific papers (Appendix 1). Animals like L. arcticus may be difficult to detect using conventional benthic sampling equipment at low densities and/or patchy distribution ). Methods used in sampling L. arcticus on Hardangervidda include the Ekman bottom sampler ), Petersen sampler ), plankton sieves (Halvorsen 1973) , artificial substrates (jute bags) and benthic littoral kick samples ). However, in most publications, the occurrence of L. arcticus is mainly based on brown trout stomach analyses.
Many reports contain only a note referring to a finding of L. arcticus. In more detailed investigations, the occurrence of different food items is normally given as volume % based on stomach analyses. In this study, the occurrence of L. arcticus is only noted as presence or absence of the species. In this context, we assume viable populations of L. arcticus in lakes within the 27 catchments studied (Appendix 1, Table 1 ). Their pattern of distribution is highly skewed, with almost all the records coming from the 16 central and eastern catchments ( Figure 2 ). In this area, 775 named lakes were identified. In the 181 natural lakes examined, L. arcticus was detected in 69% (N=124). Lepidurus arcticus occurred in all ten reservoirs in this area.
In the 11 western catchments, 155 named lakes were identified. Here, L. arcticus was searched for in 47 lakes, but recorded in only two (4.0%), both in the Austdøla catchment in the north-western region (Lake Langvatnet and Lake Austdalsvatnet). Thus, in the remaining ten catchments in this region, L. arcticus has never been recorded.
The significance of altitude and lake size
We analysed the occurrence of L. arcticus in relation to altitude and lake size from natural lakes within the 16 catchments in the central and eastern parts of the plateau. The 124 lakes that contain L. arcticus in this area lie at altitudes between 832 and 1386 m a.s.l., most of them (77%) between 1100 -1299 m a.s.l.
where the species have been noted at least once. In lakes with negative findings of L. arcticus they may still occur as findings are highly sensitive to the method used ). This is emphasised by results from lakes repeatedly examined that produced both positive and negative findings (Hesthagen 1979; . As most of the findings of L. arcticus are from stomach analyses, the records concern adult specimens. With hauls, different instar stages and nauplius larvae were also detected (Halvorsen 1973; .
RESULTS

Distribution of lakes hosting Lepidurus arcticus
Lepidurus arcticus was detected in 136 of 238 lakes (57%) L. arcticus was found in 97% of the 62 lakes ≥1.0 km 2 , while the species was found in only 54% of the 119 lakes <1. , no positive findings of L. arcticus were found in areas with snow deposits >700 mm.
Both winter deposition (Wd) and calcium concentration (Ca) could be used to characterise the western and central/ eastern areas respectively. The probability of being categorised as a lake in the central/eastern area could be modelled by a logistic regression: p = 1 -(1 + exp (15.158 + 4.278 • log Ca -0.019 • Wd)) -1 (likelihood-ratio χ 2 test = 169.7, p<0.0001).
( (Figure 3 ). Of the 181 lakes examined, L. arcticus. In a similar study in two lakes, artificial substrate (jute bags) and benthic littoral kick sampling were used in addition to stomach sampling ). In these lakes, where L. arcticus appeared in low numbers, only fish stomach analyses had positive findings. Stomach analyses thus proved to be far the most effective method to detect the presence of L. arcticus, especially when L. arcticus appears in low number and/ or has a patchy distribution. Even though adult L. arcticus is a big food item, it is not necessarily easy to catch for the brown trout, especially not to the small sizes. It was a significant positive correlation between the frequency (%) of L. arcticus in the fish stomachs and fish size . In fishery investigations, multimesh gillnets are frequently used. In clear water mountain lakes, small brown trout tends to pose the dominant part of the catch in such gears. If so, the probability to detect L. arcticus may be lower.
In our material, 423 investigations can be properly dated, 102 of which delivered negative findings in lakes known to host L. arcticus. This may be due to timing (early sampling), methods used, low density and/ or patchy distribution of L. arcticus. As 44% (N=102) of these studies took place in June -July, timing seems to be crucial. Most fish investigations in high mountain lakes where L. arcticus is expected as a food item take this into account. Of the 423 investigations, 80% took place in August to October.
Although L. arcticus may thrive at low temperatures, a minimum thermal input is needed for their growth into adult stages . This is emphasized in cold summers where L. arcticus has a delayed appearance as brown trout food (S. In the 16 central and eastern catchments, L. arcticus was recorded in 70% of the 191 lakes examined (including the ten reservoirs). Lepidurus arcticus was recorded in 55% of the 124 lakes sampled once or twice. With more than two repeat samplings, almost all gave positive records (99%). This was also emphasized in an extensive study in Lake Sandvatn in Kvenna catchment in 2003 -2016 , where, L. arcticus contributed significantly as brown trout food in August in most years. However, in some years they were scarcely ever observed. This was partly due to cold summers
DISCUSSION
In 1910, the first six localities with L. arcticus in the northeastern part of Hardangervidda were documented , and by 1940, only 20 lakes with L. arcticus had been identified . This came to 50% of all Norwegian lakes that were known to host L. arcticus at that time. In the 1970s, enough investigations had been conducted to trace a rough distribution pattern on Hardangervidda (Anonymous 1974). Lepidurus arcticus is well established in the southern mountain range in Norway in the alpine zone (zone above the tree line) and to some extent in the subalpine zone (mainly the birch zone), indicating that temperature preferences limit its distribution. However, in the western part of Hardangervidda it must be additive vectors. This study focuses on the environmental conditions, in order to elucidate why L. arcticus is missing in this region.
The significance of the sampling method
In many lakes, different kind of bottom samplers are used simultaneously with fish sampling ). In a test-fishing programme that covered 15 lakes hosting L. arcticus, bottom samplers (Ekman or/and Petersen) were used simultaneously with test fishing ). In only one lake (7%), L. arcticus was detected by the bottom samplers, compared with 12 lakes (80%) from which stomachs were analysed. In a monitoring programme with benthic littoral kick sampling in 18 lakes hosting L. arcticus in 1978, repeated in 1994, L. arcticus was detected in only one lake in each of the sampling periods . In the 1994 investigation, brown trout were also sampled with multimesh gillnets in six lakes, five of which provided ) and winter deposition (mm) for the lakes in the two catchment areas. Bivariate 90% confidence ellipses are shown for each of the two areas.
1969). The resting eggs of L. arcticus tolerate both freezing and drying (Dahl 1932; Longhurst 1955; Blomkvist 1995) . Thus, they are well adapted to the unstable conditions in the littoral zone in reservoirs with variable water levels. However, in this context, temperature conditions seem to be crucial, as was revealed in Lake Pålsbufjorden at 749 m.a.s.l. lower in the Lågen catchment (Dahl 1932 ). The regulation regime turned the lake into a colder habitat suitable for the development of L. arcticus .
The water level amplitude in hydropower reservoirs does not seem to be decisive . All the ten reservoirs in the central and eastern parts of Hardangervidda still host L. arcticus despite water amplitudes up to 66 m (Lake Sysenvatn). In the western catchments, no records of L. arcticus after impoundment are known. Consequently, there must be other factors that limit their occurrence in reservoirs in this part of the plateau.
The presence of a species is a function of the proximity of suitable refugia. In this study, the occurrence of L. arcticus increased significantly with lake size, which demonstrates that this is a factor of great significance, as access to refugia in larger and deeper lakes tends to be better. In this context, this seems to be a crucial factor, relative to both water quality and fish predation .
In addition to the 930 named lakes on Hardangervidda, there are large numbers of unnamed lakes and ponds. In the high Arctic, L. arcticus is common in such localities although they may freeze solid throughout the winter (Lakka 2013). Lepidurus arcticus have also been recorded in some small lakes and ponds on the Scandinavian peninsula (Berg 1954 (Lindholm et al. 2012 (Lindholm et al. , 2015 . Lepidurus arcticus may also be susceptible to rises in temperatures in the upper part of their thermal range (Arnold 1966 ; Klausen 2012; Lakka 2013).
Environmental constraints on the distribution of Lepidurus arcticus
On Hardangervidda, the western area is extremely barren with only a thin layer of moraine or glacio-fluvial deposits on Precambrian bedrock, almost without vegetation and with a bedrock of granitic and dioritic gneisses, giving dilute water low in calcium (0.81±0.48 mg L -1 ). The catchments in the (2012, 2015) and partly to predation pressure from brown trout (2006, 2007 Table 1 ). Almost all the lakes are located in the central and eastern part of the mountain plateau. Our study has thus confirmed the pattern of distribution seen in the beginning of the 1970s (Anonymous 1974). However, it is now based on far more localities.
In the 16 catchments at the central and eastern part of the plateau where L. arcticus is common, 25% of the named lakes (N=775) have so far been properly surveyed. This particular crustacean can be difficult to catch, and investigations that include more than two repeat samplings may be needed to be certain of detecting it. Of the 191 lakes, only 35% have been examined more than twice and the potential for new findings of L. arcticus is obvious. Hence, the estimate that at least 136 localities host L. arcticus in this area should easily be increased by more targeted surveys.
The distribution of L. arcticus throughout the Norwegian mountain range, which decreases to the north, is mainly explained by their temperature preferences (S. Figure 4) . However, L. arcticus may maintain viable populations even in some lakes in areas with snow deposition >700 mm. Lake Busetevatn in the Erdalsvassdraget catchment and lakes in the Kinso catchment host L. arcticus despite winter depositions of ~900 mm. However, these lakes have relatively high calcium concentrations (>1.4 mg L -1 ). Hence, L. arcticus is able to complete its life cycle even with snow deposits >700 mm, if calcium levels are sufficiently high.
Climate change -what will be the consequences for Lepidurus arcticus ?
For the Norwegian mainland as a whole, there has been a general increase in precipitation since the 1980s (HanssenBauer et al. 2017). This pattern has also been observed on Hardangervidda, where the annual winter deposition has increased, including an increase in the number of snow-rich winters with a decrease in the difference from west to east ). In addition to later ice break-up and colder waters, elevated precipitation levels will result in higher run-off and more dilute waters (Presthus Heggen et al. 2010 .
A similar significant increase in summer air temperatures since the 1980s has also been documented on Hardangervidda , and a further increase is projected toward the end of the century. As water temperature is closely linked to air temperature this will also affect the aquatic biota (Kvambekk & Melvold 2010; Lindholm et al. 2015; . In shallow lakes and ponds, the water temperature may exceed the upper tolerance limit of L. arcticus, which is estimated to be 19 -20 °C (Arnold 1966; Klausen 2012; Lakka 2013), although it may be higher for short duration exposures. In deeper lakes, the water temperature seldom passes these tolerance limits for more than a few days, and only in the epilimnion . Hence, lake size would appear to be important for L. arcticus survival in a future warmer climate.
The ecological sensitivity is high in mountain areas, where many species are living at the thresholds of their tolerance and close to their geographical limits. Hence, protracted warm periods may be problematic for a cold-adapted species like L. arcticus at the southernmost outreach of its distribution range. Even though L. arcticus may tolerate high temperatures for some time, the accumulated thermal input may exceed the upper thermal threshold and result in mismatches between environmental conditions and life-cycle events. This may force range retractions of L. arcticus from the lower part of their . In these lakes, L. arcticus may cope with such extremes and must be regarded as "living on the edge" of survival. At such critical levels, access to proximity refugia is assumed to be crucial. In Lake Svartevatnet in Lågen catchment, L. arcticus was not recorded until the water quality was improved by a liming programme that started in 1994 (Fjellheim et al. 2001 ). This was assumed not to be an effect of the stocking of L. arcticus, but rather of access to refugia within the lake with better water quality. Hence, the lower thresholds to pH and calcium should exceed the measured level in Lake Svartevatnet in 1993, i.e. prior to liming. In that year, the summer calcium concentration and pH were 0. . Thus, the calcium concentration in most of the lakes in the western area should not be critical to L. arcticus survival and in this part of Hardangervidda, additional vectors determine their absence or presence.
There is a steep gradient in snow deposition from west to east, with 1151 mm in the Austdøla/Ljoso catchment in the west, compared to 292 mm in the Uvdalselvi catchment in the east (cf. (Lindholm et al. 2012 (Lindholm et al. , 2015 . From a conservation point of view, detailed mapping of the present distribution of L. arcticus on Hardangervidda should be highly rewarding. Continued. Continued. Continued. 
